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Abstract—Silicon nanowires are reported for their application 
in bio sensing area and their potential in the detection of various 
biomolecules. In the present work, freestanding two-terminal 
Schottky-barrier silicon nanowire arrays exhibiting memristive 
behavior are fabricated to obtain Memristive-Biosensors. 
Scanning electron microscopy reveal details on the morphology 
of the fabricated structures. The memristive devices are 
functionalized with anti-free-Prostate Specific Antigen (PSA) 
antibody by two strategies: a) direct passive adsorption on the 
device surface, and b) bio-affinity approach using Biotin-
Streptavidin combination. The electrical behavior of the so-
obtained Memristive-Biosensors is examined dealing with the two 
systems of bio-functionalization. The presence of biomolecules 
linked to the surface of the nanostructures is detected by a 
voltage gap appearing in the memristive electrical characteristics. 
The system shows the potential for applications in molecular 
diagnostics especially due to possibilities for detection in the 
femto molar ranges that allow early detection of the cancer 
disease.  
Keywords—Biosensor;Memristive behavior; Silicon nanowires; 
Bio-functionalization; PSA 
 INTRODUCTION  
Semiconductor nanowires and semiconducting carbon 
nanotubes are reported as promising building blocks for 
biosensors, enabling direct electrical detection of biomolecules 
and fast, low-cost analysis of biological processes [1-6]. 
Thanks to the high surface-to-volume ratio that the nanowire 
structures present, their electrical properties are strongly 
influenced by minor perturbations [7, 8]. Furthermore, the 
nanowire structures exhibit tunable electron transport 
properties and the charge accumulation or depletion takes 
place in the bulk of the structure. Consequently, these 
nanostructures present qualities not available in larger scale 
devices and can potentially enable label-free sensing via direct 
electrical readout when the nanostructures are used as a 
semiconducting channels of field-effect transistors [9] for 
example for cancer markers [3] or DNA [10] detection. 
Studies on memristive behaviour have attracted both 
physicists and researchers from other fields for their precise 
molecular response. In 1971, Leon Chua presented the fourth 
fundamental circuit element named as memristor linking 
electric charge and magnetic flux [11]. In 2008 Strukov et al. 
[12] introduced the first physical implementation of a 
memristor consisting of a two-layer thin film of TiO2, one of 
them doped with oxygen vacancies, sandwiched between 
platinum contacts. 
The model can be considered as a simple analytical 
example that memristance arises naturally in nanoscale 
systems in which solid-state electronic and ionic transport are 
coupled under an external bias voltage. Pronounced hysteresis 
in electrical characteristics is a unique and important signature 
of memory devices [13]. The hysteresis appearing in the 
current-to-voltage characteristics has been attributed to a wide 
range of possible phenomena, including molecular redox 
events, and metal filament formation and destruction. 
Memristive devices have already been used in many 
applications, since memristors enable new possibilities for 
computation and non-volatile memory storage as for example 
the construction of memristor-based digital logic circuits [14], 
applications regarding artificial synapses [15-17], Resistive 
RAM (ReRAM) memories [18] and Generic Memristive 
Structure (GMS) for 3-D FPGA applications have been 
proposed [19]. Moreover, memristive silicon nanowire devices 
functionalized with antibody films are recently introduced as 
Memristive-Biosensors for bio sensing purposes taking 
advantage of their memristive electrical characteristics [20, 
21]. More specifically, the hysteresis loop of the current- to-
voltage characteristic curve of the devices provides a new 
approach in bio-detection, sensing the presence of biomarkers 
and achieving a low-cost label-free detection of biological 
processes in dry conditions. Furthermore, in another recent 
application, memristive silicon nanowire devices were used as 
pH sensors demonstrating the possibility of dry sensing of pH 
via the detection of a different amount of hydrogen ions of a 
salt solution deposited over the memristive pH sensor before 
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sample exication [22]. In the present work we focus instead on 
two different bio-functionalization techniques to fabricate 
optimized Memristive-Biosensors for Prostate Specific 
Antigen early detection.   
MATERIALS AND METHODS 
 Fabrication of Memristive-Biosensors  
Memristive silicon nanowires are fabricated through a top-
down fabrication process performed using commercially 
available (100) oriented Silicon-On-Insulator (SOI) wafer with 
low boron concentration (NA≈ 1015 atoms/cm3). The substrate is 
first coated with PMMA (poly (methyl methacrylate)), and 
Electron-Beam Lithography is applied to pattern the first mask 
for metal contacts. A 25nm-thick layer of Nickel is then 
evaporated onto the device. A lift-off process using acetone as 
solvent follows, leading to the definition of Nickel contact 
regions. Subsequently Nickel silicidation is performed in order 
to form NiSi contact pads for electrical characterization. Nickel 
silicidation is obtained by annealing performed by successive 
exposure for 20 minutes to forming gas at 200°C, 300°C and 
400°C, respectively.  
A layer of 50nm Hydrogen SilselsQuioxane (HSQ), 
negative tone resist for Electron-Beam Lithography, is spin-
coated on top of the wafer and patterned into lines using 
Electron-Beam Lithography process followed by repeated 
Deep Reactive Ion Etching cycles to obtain vertically-stacked, 
free-standing silicon nanowires anchored between two NiSi 
pillars.  
Method A: Passive Adsorption 
The fabricated memristive silicon nanowires are first 
incubated in a piranha solution (H2O2: H2SO4 in ratio 3:1) for 
20 min in order to clean the sample surfaces from any organic 
residues as well as to generate more surface hydroxyl-
terminating groups to enable chemical attachment of the 
biomolecules. Subsequently, different substrates of silicon 
nanowire arrays are functionalized by exposure to antibody 
solution. For this, the nanostructures are separately incubated 
overnight at room temperature in the dark in 1mL solution of 
50μg/mL anti-free PSA Ab (Abcam, Ab10187) for the study of 
direct linkage bio-functionalization.  
Method B: Affinity Approach 
In parallel nanowire structures originating from the same 
fabrication process and the same SOI wafer, are separately 
incubated for 4 h at room temperature in dark, in 1mL solution 
consisting of a mixture of 200 μL/mL Biotin-BSA and 100 
μL/mL Streptavidin in filtered PBS (filtered PBS is used for 
dilution and rinsing).  
                  
Fig. 1. Top view SEM images of the nanofabricated structures before bio-
functionalization (Memristive device) on top and after the bio-
functionalization process with Passive Adsorption (Memristive-Biosensor) 
on the bottom. 
After the incubation, all the substrates are gently washed 
twice with 1.5 mL of PBS, and once with MilliQ water and 
then are left for 50sec to dry in air at room temperature, semi-
covered, before the electrical measurements.  
The substrates bio-modified with the Biotin-Streptavidin 
complex are subjected to a further bio-modification by 
overnight incubation at room temperature and in the dark in a 
0.5mL solution of biotinylated anti-free PSA Ab, at a 
concentration of 50 μg/mL (Abcam, Ab182031). In both cases 
the so-obtained devices are then gently washed with 1.5 mL of 
PBS and then with MilliQ water and are left for 50sec to dry in 
air at room temperature semi-covered, before the new electrical 
measurements.  
     
RESULTS AND DISCUSSION 
A. Morphological analysis  
Morphological analysis of the nanofabricated structures is 
carried out using a Scanning Electron Microscopic MERLIN, 
from Zeiss, directly after the nanofabrication process and also 
after bio-functionalization. The accelerating voltage used for 
the SEM imaging is equal to 3kV and 2kV respectively.   
A 2 nm layer of Osmium tetroxide (OsO4) is sputtered onto 
the bio-functionalized devices in order to avoid the protein 
charging effect and to provide the needed contrast to images. 
Fig.1. shows a top view of nanofabricated structures of initial 
mean width of 38 nm and length of 410 nm after the fabrication 
process and after bio-functionalization.  
Due to Deep Reactive Ion Etching process the width along 
the structures is not perfectly homogenous. However this is an 
advantage for our detection aim. In fact, the surface roughness 
finally enhances the binding of the proteins on the device by 
increasing the potential binding area and overall enables the 
bio-functionalization process. Fig.2. presents a tilted view of 
nanofabricated structures of initial mean width of 90 nm and 
length of 980 nm. The stage holder is tilted at 35.9° and 35.4° 
in order to clearly visualize the nanostructures. An increase in 
the device diameter is demonstrated by Fig.1. and Fig.2. due to 
the presence of the adsorbed layer of antibodies on the 
nanowire surface. Accumulated data considering several 
measures along the structure on different devices depict a mean 
increase of 20 nm ± 4 nm at the initial mean width of the 
structures, which is compatible with a single layer of antibodies 
expected with sizes close to 14 nm. 
 
 
Fig. 2. Tilted SEM images acquired from the nanofabricated structures before 
bio-functionalization (Memristive device) on top and after the bio-
functionalization process with Affinity Approach (Memristive-Biosensor) on 
the bottom. 
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Fig. 3. Semi-logarithmic current to voltage characteristics exhibited by a 
Memristive-Biosensor. Electrical characteristics for bare silicon nanowire-
Reference measurement- (Blue) and for the same nanowire after the bio-
functionalization process with direct passive adsorption of anti-PSA (Red).?
In some cases a more significant increase of the structures’ 
width of 47 nm ± 6.7 nm is observed with respect to the device 
initial mean width, due to protein aggregation. The final Ab-
layer size is expected to be larger than that of a monolayer 
since the value registered on the functionalized wires needs to 
be reduced due to the layer of OsO4 sputtered onto the bio-
functionalized nanowires. Furthermore, issues such as protein 
aggregation may also explain the deviation from ideal 
monolayer coating on the nanowire surface. 
B. Electrical measurements  
The electrical characteristics of the Memristive-Biosensors 
of initial mean width of 38nm and length of 410nm are 
obtained by measuring the current-to-voltage characteristics of 
the device structures in air on dried samples using a Cascade 
Microtech Probe Station and a Hewlett-Packard 4165A 
Precision Semiconductor Parameter Analyzer. 
 
        
Fig.5. Semi-logarithmic current to voltage characteristics exhibited by 
Memristive-Biosensors with different bio-modified surface: Direct adsorption 
of anti-PSA on the nanowire surface -Passive Adsorption- (Red) presenting a 
Voltage gap of 0.14 V and Streptavidin-Biotin combination+anti-PSA-
Affinity Approach- of a Voltage gap of 0.16 V (Blue). 
 
Fig. 4. Semi-logarithmic current to voltage characteristics exhibited by a 
Memristive-Biosensor. Electrical characteristics for bare silicon nanowire-
Reference measurement- (Blue) and for the same nanowire after the bio-
functionalization process with Streptavidin-Biotin combination + anti-PSA 
(Red). 
 The measurements are carried out at room temperature in 
controlled humidity environment. For sensing measurement, a 
drain to source voltage sweep is performed forward and 
backward in the range -2.4 V to +2.4 V. The back-gate 
potential VBG is kept grounded during the acquisition. A 
reference measurement is first applied on the fabricated 
structures just after the nano-fabrication process. Then follows 
is the electrical monitoring of the Memristive-Biosensors 
functionalized with antibodies for the direct comparison of the 
two bio-functionalization approaches, as shown in Fig.3. and 
Fig.4. respectively. 
For bare nanofabricated wires, the current to voltage 
characteristics indicate pinched hysteretic loop at zero voltage. 
In these devices, the memory effect depends on the carrier 
rearrangement at the nanoscale due to external perturbation. 
However, the pinched hysteresis appears shifted from zero 
voltage to different voltage values when biological substances 
are present on the device surface. Moreover, this shift is 
different in the forward branch of the curve with respect to the 
backward one. Namely, a voltage gap is created in the semi- 
logarithmic current to voltage curve after the nanowire bio-
modification as a further memory effect on the voltage scan 
across the Memristive-Biosensor as also reported in [21].  
The presence of biological substances around the 
freestanding nanowire contributes to extra charges surrounding 
the device and the net contribution of their charged residues 
acts by creating an electrical field surrounding the channel of 
the memristive device, resulting in an effect equivalent to that 
obtained in case of nanostructures without any bio-
functionalization but fabricated with an all-around silicon gate 
[20]. The all-around gate contributes to this particular 
conductivity of these structures, which includes the presence of 
a voltage shift in the electrical characteristics. It can be 
observed that though narrow, the voltage gap is still distinctly 
present for the direct antibody adsorption in Fig.3. This result 
indicates that the method of direct attachment demands high 
concentration of reagents for successful sensing output with the 
memristive detection methodology.  
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Considering the electrical characteristics originating from 
the implementation of the bio-affinity based functionalization 
methodology that takes advantage of the extremely strong 
Biotin-Streptavidin binding, the voltage gap is clearly noticed 
in Fig.4. A comparison of the Voltage gap obtained for the 
different bio-functionalization methods under study is shown in 
Fig.5. Data of 16 devices for each bio-functionaliation method 
indicate an average voltage gap of 0.1407 V?± 0.0046 V for 
the direct adsorption method and of 0.1582 V ±  0.0051 V for 
the affinity method respectively, a small yet statistically 
significant difference regarding the values of the voltage gap 
obtained. It is worth mentioning that these results are obtained 
for the same concentration of antibodies, thus highlighting the 
economy of reagents required for miniaturized bio-assays.  
All the more, as there exists a difference in the voltage gap, 
both before and after the antibody adsorption, the final read-out 
corresponds to the antibody adsorbed on the devices and not 
due to the signal arising from biotin-streptavidin molecules 
only. In addition, although the antibody is biotinylated, the size 
of biotin is several folds smaller than the size of the antibody 
itself, thus making the contribution of the labeled biotin to the 
final read-out negligible.  
These measurements suggest that with the bio-affinity 
based functionalization methodology it is possible to detect, 
through the memristive behavior, biological substances at a 
lower concentration than achievable via direct adsorption only. 
Thus, the bio-affinity based functionalization method holds a 
better promise for the measurement of low concentration of 
biological substances, especially required for clinical readings 
of cancer markers in the early stages of the disease. 
CONCLUSIONS 
In the current work, two different bio-functionalization 
techniques are applied using PSA-specific antibodies to obtain 
biosensors arrays that exhibit memristive electrical 
characteristics (called Memristive-Biosensors). The voltage 
gap appearing in the semi-logarithmic current-to-voltage curve 
after the nanowire bio-modification leads to a bio-detection 
method for anti-free PSA Ab. Furthermore, the results 
obtained for both methods of functionalization under study 
indicate that the implementation of the bio-affinity-based 
functionalization methodology leads to a slightly larger 
voltage gap for the same concentration of antibodies and is 
thus more suitable for applications with lower concentration of 
target cancer markers.  
 
ACKNOWLEDGMENT 
 
The authors gratefully acknowledge the staff of the Cmi 
Clean Room of EPFL, for assisting with technical advice and 
M. Zervas for fruitfull discussions regarding the fabrication 
process. The authors acknowledge support from the European 
Commission FP7 Programme through the Marie Curie Initial 
Training Network ‘PROSENSE’ (Grant No. 317420, 2012–
2016). This work was supported in part by ERC-2009-AdG-
246810. 
 
 
REFERENCES 
[1] N. Elfstrom, R. Juhasz, I. Sychugov, T. Engfeldt, A. Karlstrom, J. 
Linnros, Surface Charge Sensitivity of Silicon Nanowires: Size 
Dependence, Nano Lett. 7(9):2608-2612, 2007. 
[2] F. Ishikawa, H.K. Chang, M. Curreli, H.I. Liao, A. Olson, P.C. Chen, R. 
Zhang, R. Roberts, R. Sun, R. Cote, et al.  Label-Free, Electrical 
Detection of the SARS Virus N-Protein with Nanowire Biosensors 
Utilizing Antibody Mimics as Capture Probes, ACS Nano 3(5):1219–
1224, 2009. 
[3] G. Zheng, F. Patolsky, Y. Cuil, W. Wang, C. Lieber, Multiplexed 
electrical detection of cancer markers with nanowire sensor arrays. 
Nature Biotechnology, 23(3):294–1301, 2005.  
[4] F. Patolsky, G. Zheng, C.M. Lieber, Nanowire sensors for medicine and 
the life sciences, Nature Biotechnology, 1(1): 51–65, 2006. 
[5] D.A. Giljohann, C. Mirkin Drivers of biodiagnostic development, 
Nature, 462: 461–464, 2009. 
[6] F. Patolsky, C.M. Lieber, Nanowire Nanosensors, Materials Today, 
8(4): 20–28, 2005. 
[7] F. Patolsky, G. Zheng, C.M. Lieber, Fabrication of silicon nanowire 
devices for ultrasensitive, label-free, real-time detection of biological 
and chemical species, Nature Protocols, 1: 1711–1724, 2006. 
[8] X.T. Zhou, J.Q. Hu, C.P. Li, D.D.D. Ma, S.T. Lee, Silicon nanowires as 
chemical sensors, Chem. Phys. Lett. 369: 220–224, 2003. 
[9] J. Janata, M. Josowicz, Conducting polymers in electronic chemical 
sensors, Nature Mat. 2: 19–24, 2003. 
[10] E. Stern, A. Vacic, A.R. Mark, Semiconducting nanowire field-effect 
transistor biomolecular sensors, IEEE Trans. Electronic Devices, 55(11): 
3119–3130, 2008. 
[11] L. Chua, Memristor-The missing circuit element, IEEE Trans. Circuit 
Theory, 18(5): 507 – 519, 1971. 
[12] D. Strukov, G. Snider, D. Stewart, S.Williams, The missing memristor 
found, Nature, 453: 80-83, 2008.    
[13] J. Wua, R. McCreery, Solid-State Electrochemistry in Molecule/TiO2 
Molecular Heterojunctions as the Basis of the TiO2 “Memristor”, J. 
Electrochem. Soc. 156 (1): 29-37, 2009. 
[14] G. Rose, J. Rajendran, H. Manem, R. Karri, R. Pino, Leveraging 
Memristive Systems in the Construction of Digital Logic Circuits, Proc. 
IEEE 100(6): 2033-2049, 2012. 
[15] Y. Pershin, M. Di Ventra, Experimental demonstration of associative 
memory with memristive neural networks, Neural Netw. 23(7):881-886, 
2010. 
[16] G. Indiveri, B. Linares-Barranco, R. Legenstein, G. Deligeorgis, T. 
Prodromakis, Integration of nanoscale memristor synapses in 
neuromorphic computing Architectures, Nanotechnology 24:384010, 
2013. 
[17] A. Gelencser, T. Prodromakis, C. Toumazou, T. Roska, Biomimetic 
model of the outer plexiform layer by incorporating memristive devices, 
Phys. Rev. E,  85: 041918, 2012. 
[18] D. Sacchetto, P.E. Gaillardon, M. Zervas, S. Carrara, G. De Micheli, Y. 
Leblebici, Applications of Multi-Terminal Memristive Devices: A 
Review, IEEE Circuits and Systems, 13(2): 23-41, 2013. 
[19] P.E. Gaillardon, D. Sacchetto, S. Bobba, Y. Leblebici, GMS: Generic 
Memristive Structure for Non-Volatile FPGAs, IFIP/IEEE International 
Conference on Very Large Scale Integration (VLSI-SoC), Santa Cruz, 
California, USA, 2012. 
[20] D. Sacchetto, M.A. Doucey, G. De Micheli, Y.Leblebici, S. Carrara, 
New Insight on Biosensing by Nano-fabricated Memristors, BioNanoSci. 
1: 1–3, 2011. 
[21] S. Carrara, D. Sacchetto, M.A. Doucey, C. Baj-Rossi, G. De Micheli, Y. 
Leblebici, Applications of Multi-Terminal Memristive Devices: A 
Review,  Sensor Actuat. B-Chem. 171-172: 449-457, 2012. 
[22] F. Puppo, M. Di Ventra, G. De Micheli, S. Carrara, Memristive sensors 
for pH measure in dry conditions. Surf. Sci. 624: 76–79, 2014. 
?
20
